Introduction {#Sec1}
============

The gut of most insects is colonized by microbial communities \[[@CR1]\], which vary in diversity and function across the different insect groups \[[@CR2]\]. Gut microbial colonization is affected by the morphology and physiology of the gut \[[@CR1]\]. The origin of gut bacteria are from horizontal or vertical transmissions and some important bacteria groups have evolved to develop intimate relations with insects \[[@CR3]\]. In social insects such as the honey bee, social interaction often leads to the transfer of important gut bacteria \[[@CR3], [@CR4]\]. In other insect groups such as the tephritids, the diversity and transmission patterns of important bacteria groups are poorly understood.

The gut of Tephritidae has been shown to be colonized by diverse symbiotic bacteria mainly belonging to the phylum Proteobacteria, Firmicutes and Bacteroidetes, Actinodetes and Tenericutes \[[@CR5]--[@CR10]\]. In tephritids, associations with symbiotic bacteria was first reported about a century ago \[[@CR11]\], though the role these microorganisms play in their relationship with fruit flies was first reported about half a century later \[[@CR12]\]. Over the years, many studies have focused on understanding the roles bacteria play in symbiotic relationships with tephritid flies. For example, *Wolbachia* was previously reported as an infective species manipulating the reproductive system of most insects \[[@CR13], [@CR14]\], but has recently be shown to have a mutualistic relationship with the bed bug \[[@CR15]\]. Furthermore symbiotic bacteria has been shown to improve larval growth \[[@CR12]\], provide nutritional supplements, which increased fecundity \[[@CR16]\], affect longevity \[[@CR17], [@CR18]\], fix nitrogen \[[@CR19]\] and improve sexual performance \[[@CR20]\]. In the tephritid fly, symbiotic bacteria have been shown to improve sexual performance \[[@CR21]\], detoxify insecticides \[[@CR22]\] and could possibly be a lure for these flies \[[@CR23]\]. Understanding the bacteria community structure in different fruit flies will be a first step towards realizing how the roles symbiotic bacteria plays could be exploited in developing an integrated pest management strategy for these flies.

The Chinese citrus fly *Bactrocera minax* (Enderlein) is considered unique in the Tephritidae family because of its long over-wintering pupal diapause and its single host, the citrus \[[@CR24]--[@CR27]\]. *B. minax* causes huge damage to citrus in China, Nepal, India and Bhutan where it is a major pest \[[@CR26], [@CR28]\]. Their overwintering capability with six months of long diapause makes it difficult to manage this pest \[[@CR27], [@CR29]\]. So far chemical control has shown to be ineffective probably due to the presence of Gluthinone S-tranferase which plays an important role in detoxification of several insecticides contributing to insecticide resistance in this pest \[[@CR30]\]. In addition, commercially available pheromone attractive lures for *B. minax* males are unavailable \[[@CR31]\]. Therefore, there is an urgent need to seek alternative control strategies for their management.

Given the huge potentials symbiotic bacteria offers for future pest management, this study was to conducted to understand the bacteria community structure associated with different life stages of *B. minax* using 454 FLX pyrosequencing. Bacteria were sampled from the egg, larva, pupa and adult of wild *B. minax*. We hypothesize that the different life stages will share some unique bacteria groups which are present in all life stages. These unique groups could be suitable target for further research in pest management programs.

Methods {#Sec2}
=======

Sample collection {#Sec3}
-----------------

Insect samples were collected from citrus orchards in Yichang, Hubei Province of China (30 °4́3́ N 111 ° 17′ E). Preliminary studies from our lab showed that *B. minax* was the only fruit fly specie present in this location. First instar (BM1L), second instar (BM2L), third instar (BM3L) larvae and eggs (BME) were collected from the infested fruits from July to November, 2012. Pupae (BMP) were dug from the soil in December 2012, they were  easily recognized from their extra-large size compared to that of *B. dorsalis*. The adults were collected using traps and protein baits in March 2013. Live male (BMM) and female (BMF) flies were allowed to starve for at least 12 h before gut dissection to clear the gut of allochthonous species. Ethical clearance was not required before insect collection as *B. minax* is indigenous to China.

Insect dissection and DNA extraction {#Sec4}
------------------------------------

Prior to gut dissection, the adult and larva were anesthetized by chilling at − 20 °C for 10--20 min. Total DNA was extracted from a batch of 50 insects per life stage. Each life stage (BME, BM1L, BM2L, BM3L, BMP, BMM, and BMF) were sterilized in 70% ethanol for 2 to 5 min, rinsed thrice in sterile distilled water before dissection to remove the whole gut. The samples that were used for DNA extraction included the whole gut of the adult, second and third instar larva (excluding the malpighian tubules), the whole egg, first instar larva and pupae (without the puparium). Dissection was carried out under sterile conditions in a laminar flow hood using a stereomicroscope. The different samples were dissected in sterile distilled water on a sterilized glass plate using a pair of sterile tweezers. After sterilizing the pupal case, the puparium was carefully remove with a pair of sterile tweezer. Total genomic DNA was extracted using the CTAB protocol as previously reported by \[[@CR5]\].

PCR amplification, amplicon quantification, pooling and pyrosequencing {#Sec5}
----------------------------------------------------------------------

Barcoded broadly conserved primers 27F_5' [CCTATCCCCTGTGTGCCTTGGCAGTCTCAG]{.ul}AGAGTTTGATCCTGGCTCAG-3′, and 533R_5′-[CCATCTCATCCCTGCGTGTCTCCGACGACT]{.ul}NNNNNNNNTTACCGCGGCTGCT GGCAC − 3′, were used for PCR amplification of \~ 536 bp of variable region V1--3 of the 16S rRNA gene. These primers were modified to contain the A and B sequencing adaptors (454 Life Sciences) underlined in the above primer sequences. Eight base pair specific barcodes are represented by the Ns in the above sequence.

PCR reactions were carried out in 15 μL reactions in triplicate, and each reaction tube contained 0.2 mM of the forward and reverse primer, about 5 ng of template DNA, 1 X PCR reaction buffer, 1 U of *Pfu* DNA polymerase (MBI. Fermentas, USA). PCR was carried out under the following conditions: an initial denaturation step at 94 °C for 1 min, then 25 cycles of 94 °C for 30 s, 55 °C for 30 s and 72 °C for 1 min and a final extension phase of 72 °C for 10 min. The PCR products were subjected to electrophoresis on a 1.2% (w/v) agarose gel and stained with ethidium bromide to determine the presence and yield of the fragment of interest. Later, the PCR products were purified with a DNA gel extraction kit (Axygen, China). PCR product concentration was checked using a Quant-iT PicoGreen double-stranded DNA assay (Invitrogen, Germany) and quality control was carried out using an Agilent 2100 Bioanalyzer (Agilent, USA). Equimolar amount of DNA samples from the three replicates from each life stage were pooled and used for amplicon PCR. This was done in order to maximize the diversity of bacteria from the population sample rather than from an individual sample \[[@CR5], [@CR7]\]. Amplicon pyrosequencing was carried out from the A-end using a 454 Roche sequencing primer kit on a Roche Genome Sequencer GS FLX Titanium platform at National Human Genome Center at Shanghai, China.

Data analysis {#Sec6}
-------------

Community analysis was performed with Mothur \[[@CR32]\] using the standard pipeline described at [www.mothur.org/wiki/454_SOP](http://www.mothur.org/wiki/454_SOP), accessed April 1st 2015 as follows; the quality reads were extracted from the SFF file and the sequences were grouped according to barcode and primer. Sff files were trimmed based on sequence quality using the shhh.flows script and sequences were trimmed to eliminate those with more than two primer mismatches, any mismatch in the barcode, more than eight bases homopolymers or less than 200 bp. Unique sequences were aligned using the SILVA \[[@CR33]\] reference alignment and sequences within 1--2 bp of a more abundant sequence were preclustered together. Chimeric reads were identified and removed using Uchime. Unique sequences were clustered into 162 OTU based of 3% difference. Operational taxonomic units (OTUs) were classified using the RDP training set version 9 \[[@CR34]\] database. A BLAST was further carried out on NCBI nucleotide collection (nr/nt) using the megablast algorithm to obtain more information on taxonomic identity of the 7 most abundant OTU. Core bacterial OTU shared by the different life stages were identified by comparing OTUs from the different life stages. The heat-map of beta diversity indices was constructed using the Perl and SVG software. Bar charts showing percentage abundance was constructed on Origin 9.0 (Electronic Arts Inc., Rrdwood, California, USA) software. Alpha Diversity Indices including ACE, Chao and Shannon were calculated using QIIME \[[@CR35]\] "alpha_diversity.py" script (<http://qiime.org/scripts/alpha_diversity.html>). Rarefaction curves were also constructed using the QIIME "alpha_rarefaction.py" script (<http://qiime.org/scripts/alpha_rarefaction.html>. Principle coordinate analysis was constructed on R \[[@CR36]\].

Results {#Sec7}
=======

16S rRNA bar-coded amplicon pyrosequencing and clustering into operational taxonomic units (OTU) {#Sec8}
------------------------------------------------------------------------------------------------

A total of 57,888 sequences were obtained from the seven *B. minax* samples (BM1L, BM2L, BM3L, BME, BMP, BMM, BMF) sequenced. After quality filtering and removal of chimeric sequences, a total of 54,581 sequences remained, this corresponded to 621 unique sequences. The estimated number of OTUs at 97% obtained from all the *B. minax* life stages was 162 (Additional file [1](#MOESM1){ref-type="media"}).

Bacterial diversity and abundance {#Sec9}
---------------------------------

The Chao and ACE richness indices show that amongst the *B. minax* samples, the egg stage (BME) appears to have the richest gut bacterial community. The Shannon and Simpson indices also revealed more diversity in early life stages (BME and BM1L) when compared with the later life stages (Table [1](#Tab1){ref-type="table"}). The Chao1 and ACE did not equal the observed number of OTU in both samples suggesting that sampling in both did not reach saturation. The rarefaction curve did not asymptote. These results indicate the presence of some rare and unidentified groups in both samples which might have not been detected as a results of the limitations of the PCR technique used in this study \[[@CR37]\]; however, coverage estimates appear to be high for all the samples (Table [1](#Tab1){ref-type="table"}). Principal coordinate analysis revealed variations across the life cycle of the *B. minax*. Generally, the extent of variation correlated with the habitat as the egg, first instar and second instar larva were closely related and different from all other groups. On the other hand, the adult life stages were also closely related. An exception to this was the third instar larva, which was more related to the pupal stage, and these two were distantly related to all other groups (Fig. [1](#Fig1){ref-type="fig"}). The loading values across the different life stages of *B. minax*, that contribute to the pattern observed in the PCoA in Fig. [1](#Fig1){ref-type="fig"} are shown in Additional file [2](#MOESM2){ref-type="media"}. Table 1Richness and diversity estimation of the 16S rRNA gene libraries from the pyrosequencing analysis of bacteria associated with life-stages of the Chinese citrus fly *Bactrocera minax*SampleCutoffObserved OTUsAceChao1ShannonSimpsonCoverageBME0.35868.1265.332.460.641.00BM1L0.35662.9762.882.430.661.00BM2L0.32529.0726.251.160.421.00BM3L0.31722.2120.000.530.171.00BMP0.34455.5253.431.840.611.00BMF0.33550.6348.202.350.751.00BMM0.33540.5437.102.280.741.00 Fig 1Comparison of bacterial communities associated with different developmental stages of *Bactrocera minax*. Principal Coordinate Analysis (PCoA) was generated with OTUs (at 3% dissimilarity) present in the different clone libraries; BME- *B. minax* egg, BM1L- *B. minax* first instar larva, BM2L- *B. minax* second instar larva, BM3L- *B. minax* third instar larva, BMP- *B. minax* pupa, BMF- *B. minax* adult female, BDM- *B. minax* adult male. Additional file [2](#MOESM2){ref-type="media"} gives the PCoA loading values

Taxonomic composition of bacteria in the Chinese citrus fly {#Sec10}
-----------------------------------------------------------

The 162 OTU realized from the different seven *B. minax* samples could be grouped into six different bacteria phyla and some unclassified groups. These phyla include; Proteobacteria, Firmicutes, Bacteroidetes, Antinobacteria, Fusobacteria, and TM7 (Fig. [2](#Fig2){ref-type="fig"}). Amongst these, the Proteobacteria was the most abundant in all life stages having approximately 80% reads in all life stages. Firmicutes was also dominant in eggs, first and second instar larvae having an abundance of at least 15% in these stages and less than 2% in the other life stages. Actinobacteria comprised 3% of the sequences in the pupae and less than 1% in all other life stages. Bacteroidetes were relatively abundant in the adult female (7% of sequences) and were completely absent in third instar larvae. Fig 2Relative bacteria composition of the different phyla in the guts of different developmental stages of *Bactrocera minax***:** BME- *B. minax* egg, BM1L- *B. minax* first instar larva, BM2L- *B. minax* second instar BM3L- *B. minax* third instar larva, BMP- *B. minax* pupa, BMF- *B. minax* female, BMM- *B. minax* male

The most abundant OTUs was represented by an Enterobacteriaceae (Fig. [3](#Fig3){ref-type="fig"}, Additional file [3](#MOESM3){ref-type="media"}) with a BLAST search showing *Klebsiella pneumoniae* strain PBCUK21 (accession number LC216325.1) (Table [2](#Tab2){ref-type="table"}) as its closest match. It comprised at least 55% of the bacteria present in the egg, first and second instar larva. However, this population decreases to less than 1% in the pupa before increasing to about 21% in the adults. The second most abundant OTU also belonged to the Enterobacteriaceae family. A Blastn search revealed *Providencia rettgeri* strain RB151 (accession number: CPO17671.1) as the closest match. This OTU bore the most abundant reads in the third instar larvae (90%) and pupae (47%). Although it was present in all the other life stages, it only represented less than 1% of the total OTU. Similarly, the third most abundant OTU also belonged to the Enterobacteriaceae family. A Blastn search revealed its closest match to be *Enterobacter aerogenes* strain X-2 (accession number: 508303.1). This OTU was dominant in the adult life stage (about 37%) and almost 0 % in all other life stages. Though the most abundant OTUs belonged to the Enterobacteriaceae family, species abundance varied across the life cycle of *B. minax*. The eggs, first and second instar larvae were dominated by *K. pneumoniae* and *Lactococcus lactis*, the larvae and pupae by *Providencia rettgeri* and the adults by *Enterobacter aerogenes* and *Citrobacter freundii* (Table [2](#Tab2){ref-type="table"}). Fig 3Heat map showing bacterial family frequency distribution across the seven different life stages. The heat map plot depicts the relative percentage of each bacterial family (variables clustering on the Y-axis) within each sample (X-axis clustering). The relative values for bacterial family are depicted by color intensity with the legend indicated at the bottom of the figure. Clusters based on the distance of the seven samples along the X-axis and the bacterial families along the Y-axis are indicated in the upper and left of the figure, respectively Table 2Abundance of 16S rRNA gene amplicons across developmental stages of *B. minax*, expressed as % of total in each life stageOTUBest match gene \#Best match gene %Best match gene IDBMEBM1LBM2LBM3LBMPBMFBMMOtu001LC216325.1100*Klebsiella pneumoniae*59.3656.0372.928.760.8521.3723.38Otu002CP017671.1100*Providencia rettgeri*0.230.620.3990.5347.670.230.38Otu003KY508303.1100*Enterobacter aerogenes*3.720.470.240.030.2236.5337.19Otu004KU992685.1100*Citrobacter freundii*2.870.330.010.020.2125.3125.56Otu005LC214977.1100*Lactococcus latis*14.7419.0321.670.220.020.350.06Otu006KU942503.1100*Morganella morganii*0.000.050.000.0940.760.050.13Otu007KX259561.1100*Serratia marcescens*2.478.753.600.020.030.010.03Others16.6114.721.170.3310.2416.1513.27

Core intestinal microbiota {#Sec11}
--------------------------

The bacteria present in the BM libraries were investigated for the presence of core gut microbiota shared by all the life stages. A total of six bacterial OTUs (1, 2, 3, 4, 5 and 7) were detected in all samples (Table [2](#Tab2){ref-type="table"}). Five of these belong to the Enterobacteriaceae family (Proteobacteria) and one belonged to the Enterococaceae family (Table [2](#Tab2){ref-type="table"}).

Discussion {#Sec12}
==========

In this study the microbiome associated with *B. minax* was identified and characterized by 454 FLX pyrosequencing. This study reports for the very first time the bacterial diversity and abundance associated with the immature stages of *B. minax* using a non-culture-based approach. A previous study on the bacterial community of this fruit fly focused only on the adult flies \[[@CR38]\]. The results from this study suggest that Enterobacteriaceae dominates all life stages of the fly. This family has also been reported to be dominant in other tephritids \[[@CR9], [@CR10], [@CR23], [@CR39], [@CR40]\]. In addition *Klebsiella*, *Citrobacter*, *Enterobacter* and *Serratia* have been reported as the dominant genera found in the gut and reproductive system of adult *B. minax* \[[@CR38]\]. The present study also reports similar findings.

In this study, the majority of the sequence reads belong to Proteobacteria, Firmicutes, Bacteroidetes and Actinobacteria. *B. minax* is oligophagous with citrus being its only host plant. Different bacterial species previously described to be associated with citrus plants belong to Proteobacteria, Firmicutes, Bacteroidetes and Actinobacteria with the Proteobacteria being the most abundant \[[@CR41], [@CR42]\]. The host plant is known to have significant effects on insect gut bacteria structure \[[@CR43]\]. Symbiotic bacteria of fruit flies have also been reported to be transmitted horizontally and vertically \[[@CR44], [@CR45]\]. This suggests that the origin of some of the bacteria found in the gut could be from environmental samples (plant host). Bacteria species which have established unique transmission patterns in fruit flies are those which have co-evolved with the flies. If these bacteria groups could be identified in further studies, they will constitutes important target which could be exploited in pest management programs. It is very likely that these bacteria groups could be among the dominant species or core bacteria groups shared by the different life stages.

Host diet and phylogeny shape mammal associated gut resident bacteria \[[@CR46], [@CR47]\]. Diet also affects the gut bacteria community structure of some insects including *Drosophila* \[[@CR43]\], gypsy moth \[[@CR48]\] and cotton bollworm \[[@CR49]\]. The bacterial community of the egg clustered with that of the first and second instar larva while that of the third instar larva clustered with the pupal. The adult male and female clustered together. This suggests that the larvae, pupae and adults have different resident bacteria within the Enterobacteriaceae, which although are different they have a close taxonomic relationship. This has also been reported in *Ceratitis capitata* \[[@CR10]\]. The results from our study suggest that the bacterial community structure of the *B. minax* is not only shaped by the host's diet but also other factors \[[@CR50]\]. The observed variation in bacteria community across life stages reported in this study is not uncommon in tephritids as these variations have also been reported in the *B. dorsalis* \[[@CR5]\] and the *C. capitata* \[[@CR10]\]. However, for an oligophagous pest such as the *B. minax* that feeds solely on citrus. It is surprising that the egg and first instar larva recorded the highest bacteria diversity. Re-localization of some bacteria species to different organs as the insect matures may be a possible reason for the observed differences. A previous study had reported that, *B. minax* host a higher diversity of gut bacteria in their ovaries and testes when compared to the gut \[[@CR38]\].

Different members of these Enterobacteriaceae group have been shown to play different fitness roles in fruit flies. In *B. oleae* for example symbiotic bacteria *Candidatus Erwinia dacicola* helps the young larvae to overcome host defence \[[@CR51]\]. The most dominant OTUs in the egg, first and second instar larva were related to *Klebsiella pneumoniae* LC216325.1. *Klebsiella spp* has been isolated from the gut of other tephritids \[[@CR40], [@CR52]\]. Bacteria belonging to this genus could act as an attractive lure for fruit flies \[[@CR53], [@CR54]\] and improve on mating competiveness in fruit flies \[[@CR55]\]. It has also been shown to have nitrogen fixing properties \[[@CR19]\].

The dominant OTU in the pupae is related to *P. rettgeri* (Table [2](#Tab2){ref-type="table"}). Similar member belonging to this genus has been identified in different tephritids \[[@CR40], [@CR52], [@CR56]\]. *B. minax* undergoes diapause during harsh winter \[[@CR27], [@CR29]\]. The high relative abundance of *Providencia* in third instar larvae and pupae, but not other life stages, suggests that it might be playing a role in diapause. A shift in gut bacteria community structure has been reported in diapausing insects \[[@CR57]\] and obese humans \[[@CR58]\] who have large fat reserves. *Providencia* has been shown to have nitrifying-denitrifying functions \[[@CR59]\], thereby converting ammonia into less toxic waste. Speculatively *Providencia* present in the BM3L and BMP are likely to help the insect remove metabolic waste during the long diapause period. However, more research needs to be carried out to confirm this hypothesis.

From our results the OTUs 1, 2, 3, 4, 5 and 7 were shared by all life stages of the fly (Table [2](#Tab2){ref-type="table"}). This suggests the possibility of vertical transmission of these bacteria. Vertically transmitted bacteria in tephritids have been reported to be present in the larval stage and maintained throughout the adult stage \[[@CR45]\]. In addition, 4 of these core OTUs found in *B. minax*, were also present in the oriental fruit fly \[[@CR5]\], suggesting that they may play key roles in the biology of the fly.

Conclusion {#Sec13}
==========

This study reports for the very first time the symbiotic bacteria present in the gut of the different developmental stages of the Chinese citrus fly and compares this population with the microbiome present in the adult life stages. The results revealed that the gut of the Chinese citrus fly harbors a large diversity of microorganisms belonging to 8 different phyla. Though Proteobacteria phyla dominated in all life stages, there was a shift in the most abundant OTUs from early development to maturity. Core bacteria groups shared by all life stages and different fruit flies belonged to the Enterobacteriaceeae and the Enterococcaceae families. These species have also been found in other fruit fly groups and some have been reported to play significant roles in the biology of other fruit flies. These could be important targets for the further research on how symbiotic bacteria could be exploited in the management of fruit flies.
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**Additional file 1.**Relative abundance of taxa in the 16S rRNA libraries from different developmental stages of *Bactrocera minax***:** BME- *B. minax* egg, BM1L- *B. minax* first instar larva, BM2L- *B. minax* second instar BM3L- *B. minax* third instar larva, BMP- *B. minax* pupa, BMF- *B. minax* female, BMM- *B. minax* male. Classification results were obtained from sequence alignment against RDP training set version 9 \[[@CR34]\] and can be displayed for different taxonomic levels (Phylum; Class; Order; Family; Genus; Operational taxonomic units created at 97% sequence similarity) **Additional file 2.**Loading values across the different life stages of *B. minax*, that contribute to the pattern observed in the PCoA in Fig. [1](#Fig1){ref-type="fig"}. Loading values were calculated by weighted Unifrac Principal Coordinate Analysis (PcoA). **Additional file 3.**Relative bacteria composition of the different families in the guts of different developmental stages of *Bactrocera minax***:** BME- *B. minax* egg, BM1L- *B. minax* first instar larva, BM2L- *B. minax* second instar BM3L- *B. minax* third instar larva, BMP- *B. minax* pupa, BMF- *B. minax* female, BMM- *B. minax* male

BDM

:   *Bactrocera minax* adult male

BM1L

:   *Bactrocera minax* first instar larva

BM2L

:   *Bactrocera minax* second instar larva

BM3L

:   *Bactrocera minax* third instar larva

BME

:   *Bactrocera minax* egg

BMF

:   *Bactrocera minax* adult female

BMP

:   *Bactrocera minax* pupa

CTAB

:   Cetyl trimethylammonium bromide

DGGE

:   Denaturing Gradient Gel Electrophoresis

DNA

:   Deoxyribonucleic acid

NCBI

:   National Center for Biotechnology Information

NGS

:   Next generation sequencing

OTU

:   Operational Taxonomic Unit

PBS

:   Phosphate Buffered Saline

PCoA

:   Principal Coordinate Analysis

PCR

:   Polymerase Chain reaction

RDP

:   Ribosomal Database Project

RDP

:   Ribosomal database Project

rRNA

:   Ribosomal ribonucleic acid
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